Model compounds simulating amine-carboxylic acid-based volatile corrosion inhibitors were characterized by thermogravimetric analysis and Fourier transform infrared spectroscopy.
Introduction
Atmospheric corrosion is a natural process that causes deterioration of metal surfaces.
It results from the individual or combined action of oxygen, moisture and contaminants (e.g., sulfur dioxide, hydrogen sulfide, chlorides, etc. present in air) [1, 2] . Corrosion inhibitors are compounds that, when added to corrosive environments in small quantities, drastically reduce the corrosion rate [3] . The subclass of volatile corrosion inhibitors (VCIs) are used to protect metal substrates against atmospheric corrosion during storage and transport [4] . The inhibitive mechanism comprises adsorption on the metal surface followed by the formation of a passive protective layer [2, 5] . Suitable inhibitor combinations show synergistic effects. The improved inhibition has been attributed to stronger adsorption at local defects in the oxide layer covering the metal surface providing an improved "pore plugging effect" [2, [6] [7] [8] .
Assisting the development of thicker protective barrier layer on the metal surface also limits the penetration of corrosion causing species [7] .
For an inhibitor to be classified as a VCI it must be sufficiently volatile to allow fast migration to the metal surface and rapid development of a protective film [4] . Thus volatility is the main property that distinguishes VCIs from other corrosion inhibitors [9] . They are therefore also referred to as vapour phase corrosion inhibitors (VPIs) [10] . VCIs provide an e f f e c t i v e , s i m p l e a n d r e l i a b l e w a y o f c o n t r o l l i n g c o r r o s i o n i n c l o s e d s y s t e m s a n d environments [5] . Proper use of VCIs considerably lengthens the service life of machinery without promoting other forms of corrosion [3] .
The efficacy of VCIs is affected by the ambient tem perature and humidi ty , the concentration of the inhibitor, the method of application, and by the presence or absence of corrosive contaminants [11] . Atmospheric corrosion is generally prevented with VCIs as long as the chemicals remain active [2] . Thus the metal packaging materials should be chosen carefully to retain the VCIs and to prevent deactivation due to UV exposure [2, 4] . Several techniques have been described in literature for evaluating the effectiveness of corrosion inhibitors. They include Skinner's test method [3] , the atmospheric exposure chamber [12] , the conical flask method [13] , Eschke's test method [13] , as well as electrochemical characterizations [14] [15] [16] .
A wide range of chemical compounds have been proposed as VCIs [9, [11] [12] [13] [14] [16] [17] [18] [19] [20] .
Amines [16, 19, 21] and, in particular their salts or mixtures with carboxylic acids [2, 9, 10, 17, 22, 23] are used to protect ferrous metals against atmospheric corrosion during storage and transportation. Usually these systems are applied as equimolar amine-carboxylic acid mixtures.
The interactions between amines (A) and carboxylic acids (C) are therefore particularly relevant to this class of VCIs. Carboxylic acids have a strong tendency to form dimers featuring two hydrogen bonds in a planar ring configuration [24] . Amines and carboxylic acids can undergo Brønsted-Lowry acid-base reactions to form 1:1 salts. In anhydrous organic liquid media the charged species are stabilized either through the formation of strongly associated ion pairs (A 2 C 2 ) or by further complexation with carboxylic acid dimers to form A 1 C 3 complexes [25, 26, [29] [30] [31] [32] [33] . The presence of water affects complex formation [34] . Raman studies indicated that, when water is added to a pure carboxylic acid, the cyclic carboxylic acid dimers dissociate and acid monomer-water complexes are formed [33] . However, in amine-carboxylic acid mixtures the usual complexation behaviour is not affected by the presence of small amounts of water [33] . The A 1 C 3 complex co-exists with acid monomer-water complexes [33] .
The nature of the vapours released by amine-carboxylic acid-based VCIs has not been discussed in the open literature. The aim of the present study was to apply FTIR spectroscopy, thermal analysis techniques and the hyphenated TGA-FTIR characterization method previously described [35] to VCI model systems. Mixtures of primary, secondary or tertiary amines (1-hexylamine, morpholine or triethylamine) with n-alkanoic acids of different chain lengths (acetic acid, 1-propanoic acid, 1-hexanoic acid, and 1-octanoic acid) were considered. The objective was to infer either directly or indirectly how mixture composition would affect the nature of the vapour released by the system. Whereas equimolar amine blends of 1-octanoic acid are known VCIs, those with acetic acid tend to promote corrosion [9] . However, the higher volatility of the lower carboxylic acids facilitates accurate vapour phase composition measurements. Hence the decision to study a series of n-alkanoic acids with different chain lengths.
Experimental

Reagents
Acetic acid (99.8%), triethylamine (TEA) (99%), 1-propanoic acid (99%), 1-hexylamine (99%), sodium hydrogen carbonate and silica gel were supplied by Merck chemicals. Sodium chloride (99.5%) and anhydrous sodium sulfate (99%) were supplied Unilab. Morpholine (99.5%), 1-octanoic acid (99.5%), and Drierite (8 mesh) drying agent were supplied by Sigma Aldrich. Fluka supplied the 1-hexanoic acid (99%). All the reagents were used as received without further purification.
Methods
The binary mixtures of amines and carboxylic acids were prepared using the method previously described [35] . All mixtures were made up in a dry glove box under a nitrogen atmosphere to avoid air oxidation or contamination with moisture. All the experiments were performed at an atmospheric pressure of 91.6 ± 0.3 kPa.
The densities of the neat amines and carboxylic acids and selected mixtures were determined at atmospheric pressure with a glass pycnometer. The temperature was maintained at 50 ± 1 °C using a heated water bath fitted with a temperature controller. The density results are presented in Table 1 . Table 1 Experimental densities (ρ) of the neat amines, neat carboxylic acids and the least volatile binary mixtures in the amine-carboxylic acid systems at 50°C tested presently. The number in brackets indicates the concentration of the amine in the mixture in mol%. Octanoic acid 889 ± 1 894 ± 3 (20) 887 ± 1 (25) 935 ± 1 (25) Corrosion tests were performed on mild steel, galvanised steel and copper metal discs using Skinner's [3] corrosion test procedure. In this test the metal specimens are first exposed to a small quantity of the VCI during a film forming period. This is followed by a corrosion period during which added electrolyte produces continuous condensation on the downward- At the end of this period the metal specimens were removed from the lid. Following an evaluation by visual inspection, the metal surfaces were cleaned by rinsing them several times with acetone. They were left to dry before the mass loss was determined. Every experiment was repeated at least three times for statistical purposes. Eight blanks were run for each metal to provide a reference corrosion rate under the test conditions used. These test specimens were treated in the same way except that no corrosion inhibitor was added. The corrosion rate (C R ) of each sample in mm/year was estimated from mass loss determinations.
The inhibitor effectiveness was calculated by the formula:
where C R0 and C RI are the corrosion rates in mm per year determined in the absence and in the presence of the inhibitor respectively.
In a separate set of experiments, the corrosion tests were repeated up to the end of the film forming period. At this point the vials were removed and weighed to determine how much of the VCI mixtures had evaporated. In addition, vials containing 250 mg VCI mixture were placed in a convection oven set at 40°C. They were removed after 72 h and the mass loss recorded.
Instrumentation
Differential scanning calorimetry (DSC) was performed on a Mettler Toledo DSC1
instrument. Approximately 5-10 mg samples were placed in standard 40 μL aluminium pans with a pin hole and heated from -40 °C to 400 °C in nitrogen flowing at 50 mL min -1 .
Refractive indices were determined at 20°C on an ATAGO® NAR-liquid instrument (Model DTM-N). Liquid phase FT-IR data were collected using a Perkin-Elmer Spectrum RX 100 spectrometer. Samples were placed between two KBr crystal windows (25 mm diameter and 4 mm thick). Background corrected spectra were recorded at room temperature in the wavenumber range 4000 to 800 cm -1 at a resolution of 2 cm -1 . as a TGA mass loss signal to the time that they are captured as an FTIR spectrum was determined as previously described [35] . The composition of the vapours released and the liquid remaining were determined according to the procedures previously reported [35] .
T G A a n d T G A -F T I R d a t a w e r e c o l l e c t e d w i t h a P e r k i n -E l m e r T G
Results
In the discussions that follow, the overall amine mole fraction of the prepared mixture (z A ) is used as the composition descriptor for the amine-carboxylic acid mixtures. The composition of the released vapour is denoted by y A and that of the remaining liquid by x A . The representative data set presented in Fig. 1 shows the effect of composition on the liquid phase FTIR spectra for triethylamine + 1-hexanoic acid mixtures. The pure carboxylic acids (z A = 0) all showed a sharp and high intensity absorption band at ca. 1705 cm -1 characteristic of the hydrogen-bonded carbonyl (C=O) functional group in the carboxylic acid dimer form [36] . On addition of the amine, this peak decreased rapidly in intensity and several new absorption bands developed. These changes are consistent with the formation of an ionic complex (i.e. salt formation) between the amine and the acid in the liquid phase [36] .
Liquid phase FTIR and refractive index
The band observed at ca. 1560 cm -1 is due to the ionic carboxylate ion, COO - [36, 37] , while the band near 1400 cm -1 is attributed to the protonated amine [36] . Both these bands grew in intensity as amine was added but waned beyond a critical amine concentration. 
Differential scanning calorimetry (DSC)
DSC scans (not shown here) for 1-hexylamine and the carboxylic acids (acetic, 1-hexanoic and 1-octanoic) featured two endothermic thermal transitions in the temperature range -40°C to 250°C. The first DSC peak, with onset temperatures of -23 °C; 11 °C; -4.97°C
; and 14.73 °C for 1-hexylamine, acetic acid, 1-hexanoic acid, and 1-octanoic acid respectively, corresponds to the melting transition. The second endothermic event corresponds to the onset of boiling. The scans for TEA, morpholine and 1-propanoic acid showed only a single thermal transition due to boiling. In the case of the mixtures considered here, no melting transitions were observed above -40°C. However, the highest boiling transitions showed a smooth variation with composition. Fig. 5 also shows that the enthalpy of vaporization peaked near a composition consistent with the prevalence of the A 1 C 3 compound as previously observed for The amine-carboxylic acid mixtures based on the shorter chain carboxylic acids all featured higher boiling transitions than the parent compounds when evaporating into a stream of nitrogen gas. The highest boiling points were found for mixtures with compositions close to that of the 1:3 amine-carboxylic acid complexes (z A = 0.25). When the amine was present in excess beyond this level in the mixtures, additional endothermic thermal events were observed. The temperature range of the first event matched the boiling transition of the pure parent amine. This suggests that, when the mixture is very rich in the amine, it preferentially volatilizes during the initial stages. This was also the case for the TEA + 1-octanoic acid system as seen in Fig. 4. Fig. 6 shows the mass loss curves of the neat carboxylic acids and the neat amines evaporating into nitrogen at 50°C. At this temperature TEA evaporated fastest and 1-octanoic acid the slowest. TEA was completely gone in less than 20 minutes while only about 0.6% of the 1-octanoic acid had evaporated after 90 min. As expected, the rate of evaporation correlated with the ranking of the normal boiling points for the compounds and decreased with increasing chain length of the carboxylic acid. Table 2 The gas permeability (S C = P C D AC ) of the neat amines, the neat carboxylic acids and the least volatile binary mixtures in the amine-carboxylic acid systems at 50°C tested presently. The number in brackets indicates the concentration of the amine in the mixture in mol%. (25) amine. Table 2 shows that the least volatile mixtures of acetic acid with either of morpholine or 1-hexylamine corresponded to z A = 0.5, i.e. with the composition of the A 1 C 1 salt. Note that mixtures high in amine content showed rapid rates of evaporation initially but that it then levelled out to significantly lower rates at longer times. Again this suggests rapid early loss of the amine via preferential vaporization. shows the fraction liquid vaporized after 10 min at 50°C for TEA-based mixtures. In both data sets the least volatile mixtures tested contained either 25 mol% or 33.3 mol% amine except in the TEA + 1-octanoic acid system where the neat carboxylic acid was least volatile.
Thermogravimetric analysis-Fourier transform infrared spectroscopy (TGA-FTIR)
It should be kept in mind that this study considered a limited set of mixtures only. It is highly unlikely that any of these would correspond exactly with composition of the least volatile mixture in the respective systems. mixture with initial composition of z A = 0.39 released, in the beginning, nearly pure amine into the vapour. As Fig. 11 further illustrates for the TEA + 1-propanoic acid system, the The metal samples were mounted on the inside lid of 1 L glass jar using plastic film with an adhesive back. The exposed metal surface was circular in shape with a radius of ca. 10.1 mm. The VCI mixture was put in a small vial placed inside the jar. The lid was closed and the jar was partially submerged in a water bath set at 40°C. The samples were conditioned for 72 h in the presence of the VCI mixture. Then electrolyte was added to generate a humid environment and the test continued for a further 72 h. The corrosion rate was estimated from mass loss measurements.
The present 1-octanoic acid-based VCI model compounds were all corrosive towards galvanized steel. All samples showed an increased in mass and featured a white staining after exposure. Therefore, only the corrosion test results for mild steel and copper are presented in Fig. 13 . None of the mixtures were particularly effective with respect to copper protection.
All samples caused green staining of the copper surface. Surprisingly the staining was only slight for the 1:1 1-hexylamine + 1-octanoic acid mixture even though the inhibition performance was poor.
The morpholine + 1-octanoic acid and the TEA + 1-octanoic acid mixtures, both with z A = 0.50, featured the best inhibitor efficiencies for mild steel at ca. 91% (with no staining) and ca. 82% (with slight black staining) respectively. This is in approximate agreement with the findings of a previous study [9] . The 1-hexylamine + 1-octanoic acid mixture with z A = 0.50 did not perform as well. In this case the inhibitor efficiency was only about 68%
although the metal surface did not show any staining.
In all three systems a significant drop in inhibitor efficiency (with respect to mild steel) was observed when the amine concentration in the VCI mixture was reduced to z A = 0.25. These samples also showed black staining of the metal surface although it was only slight for the 1:3 1-hexylamine + 1-octanoic acid system. The implication is that the vapours released in the long term from an amine-carboxylic acid-based VCI reservoir may not offer the same level of protection than the vapours released during the initial stage.
Discussion
VCIs are often present in either a paper sheet or a plastic film and must reach the metal surface by crossing a layer of air. If the air is stagnant, the release rate of a pure volatile compound is determined by its gas permeability (S C ) [38] . This parameter is the product of the vapour pressure of the compound and its diffusion coefficient in air, i.e. S C = P C D AC (Pa m 2 s -1 ). The former is a measure of the concentration of the compound while the latter is an indication of the mobility of the inhibitor molecules in the gas phase. This gas permeability can be estimated by simple isothermal or dynamic scanning TGA experiments. In essence the technique is based on the quantification of the vaporization mass loss rate from a partially filled cylindrical cup [39] . . The calculation of the diffusion length h requires density data and these are reported in Table 1 for the systems of interest presently.
Earlier it was argued that the least volatile composition in a particular system exhibits azeotrope-like behaviour. It behaves like a pseudo-pure compound as the composition of the released vapour and remaining liquid phase are identical. Thus Equation 3 can be used to estimate the gas permeability of the least volatile VCI mixtures. In the present case it was assumed that the molar mass of the active specie in these mixtures corresponds to the relevant A 1 C n complex. the gas permeability for other mixtures are presented in Table 2 . Of the neat compounds triethylamine featured the highest volatility (See Fig. 6 ) and 1-octanoic acid the lowest S C value. The lowest overall S C value obtained presently was 0.009 ± 0.001 Pa m 2 s -1 for the 1-hexylamine + 1-octanoic acid binary mixture containing 25 mol% amine. Important conclusions can be drawn from these results. Firstly, the gas permeability of the azeotropelike compositions tends to be much lower than those of the parent amines or carboxylic acids.
The volatility depression for the present mixtures ranges from one to five orders of magnitude. This implies that the amine-carboxylic acid-based VCIs will emit vapours at a much slower rate than its constituents permitting prolonged periods of action. 25. This trend can be rationalized as follows. Andreev and Ibatullin [40] argued that salts of this type vaporize via a dissociative mechanism. In other words one must consider the salt formation as a dynamic equilibrium where the neutral amine and acid react to form the salt.
So at any instant there will be free amine and carboxylic acid molecules present in the liquid.
The relative volatility of the acid to the amine decreases in the series acetic, 1-propanoic, 1-hexanoic and 1-octanoic acids. Thus the amine will increasingly be lost by volatilization in preference to the acid molecules. In addition the remaining acid monomers will decrease their volatility by forming dimers and, in addition, by these dimers possibly associating with ion pairs to form A 2 C 2 complexes. The implication is that, if steady state volatilization at a composition commensurate to the A 2 C 2 complex is desired, the amine should be chosen carefully such that its volatility is adapted to that of the acid. The inhibitor performance reported in the literature pertains to that of equimolar mixtures [3, 9] . The present corrosion tests confirmed the previous finding that the 1:1 mixtures containing triethylamine + 1-octanoic acid and morpholine + 1-octanoic acid [9] .
However, the present TGA-FTIR results indicated that these equimolar mixtures release mostly free amine only during the initial stages of evaporation. Furthermore, it was found that the 72 h film forming period allowed for in the Skinner test was sufficient to allow vaporization of most of the inhibitor mixtures considered presently. While the equimolar mixtures performed reasonably well as VCIs for mild steel in the Skinner test, the inhibitor efficiencies of the 1:3 amine-carboxylic acid mixtures were significantly worse. Since the major part of the inhibitors vaporized in these tests, the explanation might be found in the excess acid present imparting an adverse pH, outside the passivation range, in the moisture film on the metal surface. To test this hypothesis, the pH of 5 wt.% solutions in deionized water was determined. The results are presented in Table 3 . It confirms that the 1:3 amine + 1-octanoic acid mixtures yield slightly more acidic solutions than the corresponding 1:1 mixtures. Table 3 Experimental pH values for 5 wt.% solutions, in deionised water, of 1:1 and 1:3 mixtures of the amines with 1-octanoic acid. 
Amine
